Abstract
Genome sequences pave new roads for anticoccidial vaccine development 28
Eimeria species, protozoan parasites that can cause the damaging intestinal 29 disease coccidiosis, pose a significant risk to global poultry production (Dalloul and 30 Lillehoj, 2006, Shirley et al., 2005) . Members of the phylum Apicomplexa, the genus 31 Eimeria encompasses at least 1 200 species, almost all of which are restricted to a 32 single host (Chapman et al., 2013) . Seven Eimeria species are recognized to infect the 33 chicken, causing a considerable disease burden across the globe (Fornace et al., 2013 , 34 Shirley et al., 2005 , Williams, 1998 . Similarly, several species are considered to be 35 highly pathogenic in turkeys (reviewed in (Chapman, 2008) ). Whilst the pathology 36 associated with each Eimeria species infecting chickens has long been understood 37 (Chapman, 2014 , Long et al., 1976 , parasite population structures and the extent of 38 genetic diversity in field populations are only now emerging. Interest in parasite 39 occurrence, diversity and epidemiology is driven by a global need for cheap and 40 effective vaccines as alternatives to anticoccidial drugs. Details of regional variation in 41
Eimeria species prevalence, distribution of genetically and antigenically distinct 42 strains, and the frequency at which polymorphic strains cross-fertilize, all provide 43 valuable knowledge that can underpin rational vaccine design and development. In 44 particular the recent availability of genome sequence resources for all seven Eimeria 45 species of the chicken (Reid et al., 2014) provides opportunities to define many of the 46 variables outlined above (Blake et al., 2015b) . 47
Here we review and discuss recent findings relating to the genetic and 48 antigenic diversity of Eimeria species which infect chickens in the context of vaccine 49 development and the potential for future successes based on new sequencing 50 technologies and the search for novel vaccine candidate antigens. 51
Current control strategies for Eimeria which infect chickens 53
More than 60 billion chickens are produced in the world every year, yielding 54 1.1 trillion eggs and more than 90 million tonnes of meat (Blake and Tomley, 2014) . 55
The poultry industry in the United States of America (USA) alone is worth in excess of 56 $38.1 billion, which includes the combined production value of chickens and turkeys 57 (NASS, 2012) . Consequently, effective means of controlling pathogens which infect 58 chickens are essential and of increasing importance as trends for expansion and 59 intensification of global poultry production are maintained (Grace et al., 2012) . 60
Control of coccidiosis in poultry relies predominantly on chemoprophylaxis, 61 although resistance to anticoccidial drugs is common in Eimeria field populations 62 (Chapman, 1976 , Joyner and Norton, 1975 , Shirley et al., 2007 . Prior to the year 2000, 63 anticoccidial drugs were used in ~95% of flocks where anticoccidial control was 64 employed, including ~99% of commercial broiler flocks (Chapman and Jeffers, 2014) . 65
More recently, a study from the USA has reported that this percentage has fallen to 66 between 60 and 99%, depending upon the time of year (Chapman and Jeffers, 2014) . 67
While anticoccidial drugs remain essential to chicken production and these trends are 68 not yet reflected in much of the world, reductions in drug application throughout the 69 food chain driven by legislative and consumer pressure is encouraging alternatives for 70 coccidiosis control (Godfray et al., 2010 , Shirley et al., 2007 . The use of live oocyst 71 vaccines comprising mixes of species of non-attenuated (formerly wild-type) or 72 attenuated parasites (Shirley et al., 2005) (Cantacessi et al., 2008 , Fornace et al., 2013 , Godwin and Morgan, 2015 , 129 Kundu et al., 2015 , Schwarz et al., 2009 . The most comprehensive survey of Eimeria 130 field isolates was published recently in which 512 pooled faecal samples were 131 surveyed from poultry farms situated in 20 countries across five continents (Clark et 132 al., 2016) . Here, ITS1-5.8S-ITS2 sequence analysis revealed some interesting aspects 133 of population structure. The genetic signatures of Eimeria acervulina and Eimeria mitis 134 indicated that regular interbreeding occurs between genotypes, while Eimeria tenella 135 exhibited a more restricted population structure (Blake et al., 2015a , Clark et al., 136 2016 . The inclusion of sequences derived from laboratory reference strains that are 137 progenitors to many vaccine parasites in the comparison suggested that the samples 138 collected were representative of wild-type field strains, not re-sampling of vaccinal 139 lines [31] . It was suggested that the faster generation time and greater fecundity of E. 140 acervulina and E. mitis compared to E. tenella (~33% shorter prepatent period and 2.5-141 4 times more oocysts produced per oocyst ingested (Bumstead and Millard, 1992, 142 Eckert et al., 1995) ) could account for the observed differences in population 143 structure. As a consequence, E. acervulina and E. mitis parasites have greater 144 opportunity for co-infection and hybridization and their genomes may evolve more 145
rapidly. 146
Analysis of ITS sequence datasets has also led to the discovery of three new 147 Eimeria 'operational taxonomic units' (OTUs) (Cantacessi et al., 2008 , Clark et al., 148 2016 , Fornace et al., 2013 , Godwin and Morgan, 2015 . Initially, ITS2 sequencing of 149 isolates from Australia provided the first definition of the three Eimeria OTU 150 genotypes termed OTUx, OTUy and OTUz (Cantacessi et al., 2008) , which have been 151 supported by subsequent ITS1 and ITS2 sequencing of isolates covering a greater 152 geographical range (Clark et al., 2016 , Godwin and Morgan, 2015 , Jatau et al., 2016 . 153
These divergent parasites appear to be restricted at present to southern regions of 154 the world below 30 o N latitude (Clark and Blake, 2012, Clark et al., 2016) with Eimeria brunetti the closest link to OTUy (Godwin and Morgan, 2015) . 162
Comparison of ITS1-5.8S rDNA-ITS2 sequences has revealed the greatest divergence 163
for OTUz with distinct long and short forms, as described previously for E. maxima and 164 E. mitis (Clark et al., 2016 , Schwarz et al., 2009 . 165
The development of next generation sequencing technologies has moved 166 analysis of genomic diversity from the single gene to genome wide levels, vastly 167 increasing available genetic and genomic resources for Eimeria. For example, fully 168 resolving the phylogenetic relationships between Eimeria species which infect 169 chickens and turkeys has proven difficult based on COX1 and 18S rDNA sequences 170 alone (El-Sherry et al., 2013 , Miska et al., 2010 , Ogedengbea et al., 2011 . The 171 robustness of separation of the seven Eimeria species recognized to infect chickens 172 was greatly improved using whole-genome phylogenies (Reid et al., 2014) falciformis (a parasite specific to the mouse) (Heitlinger et al., 2014 , Reid et al., 2014 . 190 Interestingly, differences were observed in repeat content between species. Eimeria 191 tenella, for example, has fewer R regions than the other six species which infect 192 chickens, while E. necatrix was more repeat rich across its genome, most notably in 193 regions syntenic with E. tenella (Reid et al., 2014) . This P/R structure does not appear 194 in the genomes of other coccidia such as Neospora caninum or T. gondii (Reid et al., 195 2014 , Reid et al., 2012 , although it has been detected in the more closely related tenella associated with R-, but not P-regions, lending some support for genome 201 plasticity (Ling et al., 2007 , Reid et al., 2014 , Shirley, 1994 . A disproportionately high 202 repeat content in protein coding sequences could confer some evolutionary 203 advantage, although their effects on protein structure appear to be neutral and genes 204 known to be integral to host-parasite interaction were relatively free of repeats (Reid 205 et al., 2014) . The seven Eimeria species which infect poultry do not appear to possess 206 the sub-telomeric regions which in P. falciparum contain a set of plastic genes involved 207 in host immune system evasion (Gardner et al., 2002 , Ling et al., 2007 , Reid et al., 208 2014 . Telomere-like repeats are, however, dispersed throughout the R-segments, 209
suggesting there are complexities in the structure of the genome that we do not fully 210 yet understand. Telomere-like repeats have previously been described in the 211
Plasmodium knowlesi genome where they associate with variant antigen families, 212 although a similar linkage has not been described for Eimeria (Pain et al., 2008) . The 213 impact of the segmented Eimeria genome structure on the appearance and extent of 214 genetic diversity is yet to be determined, although it may well associate with hotspots gondii (Blake et al., 2015b) . This population structure suggests that limited 234 opportunities exist for cross-fertilization and genetic recombination, and that the 235 expansion of a small number of haplotypes might be common although not necessarily 236 clonal. In contrast, a greater haplotype diversity was reported in southern India and 237
Nigeria with multiple haplotypes appearing, all at a very low frequency, indicating that 238 co-infection with heterologous isolates and cross-fertilization is common during 239 sexual reproduction, and that genetic diversity is likely to be greater than estimated 240 by current sampling (Blake et al., 2015b) . These findings suggest there are numerous 241 opportunities for recombination in the field in these regions. 242
The regional differences in population structure observed for E. tenella may 243 have several underlying causes. In southern India there is a greater poultry density 244 than found in the north (Grace et al., 2012) , and therefore more opportunity for 245 parasite co-infection and cross-fertilization. Further, the climate in south India is 246 commonly more humid than in north India (Deichmann and Eklundh, 1991), likely 247 favoring higher levels of oocyst sporulation and increased parasite survival in the 248 poultry house environment as reported in comparisons of rainy versus dry seasons 249 (Awais et al., 2012). Higher rates of transmission commonly associate with elevated 250 levels of outcrossing and increased genotype abundance for other apicomplexans 251 such as P. falciparum (Larranaga et al., 2013) . Importantly, co-infection of a single host 252 with two or more genetically distinct Eimeria isolates does not guarantee cross-253 fertilization. The Eimeria life cycle includes a single, transiently diploid phase during 254 sexual reproduction and oocyst maturation (Walker et al., 2015) , so timing of the co-255 infection has to be essentially simultaneous for genetic recombination to occur. 256
Additionally, the in vivo phase of the Eimeria life cycle is predominantly self-limiting, 257 with features such as prepatent period and the number of rounds of schizogony 258 stable, unless subjected to deliberate selection for developmental rate (Blake et al., 259 2015b , Lal et al., 2009 , Shirley and Harvey, 2000 . Studies using major 260 histocompatibility complex (MHC) class I or II knockout mice suggest little or no role 261 for the host immune response in the conclusion of parasite replication (Smith and 262 Hayday, 2000) . Thus, gametes of each genotype must mature in parallel for cross-263 fertilization to take place. In vivo experiments using laboratory strains of E. tenella 264 have shown that, given the opportunity, cross-fertilization is common, highlighting the 265 potential that E. tenella has to hybridize in field populations and indicating the ease 266 with which vaccine or drug-resistant alleles could propagate in field parasite 267 populations (Blake et al., 2015b) . Combined, these factors emphasize the importance 268 of considering region specific environmental and social variables in implementation of 269 novel control strategies for Eimeria species. Fornace and colleagues demonstrated 270 that the diversity of species present in small-scale production systems in Africa was 271 directly linked to profitability (Fornace et al., 2013) . However, there have been few 272 similar studies and the potential is there to link population structure and the burden 273 of coccidiosis to profitability in particular regions of the globe. 274
275
The relevance of antigenic diversity 276
Selection of candidate antigens for vaccine development has proved to be a 277 significant barrier to progress in other Apicomplexa such as T. gondii and the 278 Plasmodium species (Alexander et al., 1996 , Liu et al., 2012b , Stanisic et al., 2013 . 279
Differentiating immunogenicity from 'true' immune protection can be difficult, 280 making selection of protective antigens problematic (Blake et al., 2011) . In one 281 example, homologs of apical membrane antigen 1 (AMA-1) have been shown to be 282 protective in a range of apicomplexan parasites including E. maxima (Blake et al., 283 2011), E. tenella (Jiang et al., 2012) and P. falciparum (Drew et al., 2012 , Eisen et al., 284 2002 , Healer et al., 2004 , and it has been widely proposed as a candidate for subunit 285 vaccine development. However, extensive allelic diversity has limited development of 286 P. falciparum AMA-1, with more than 60 polymorphic amino acid residues detected 287 and more than 200 haplotypes within even a single population (Drew et al., 2012 , 288 Healer et al., 2004 , Hodder et al., 2001 , Terheggen et al., 2014 . Despite such 289 discouraging reports from P. falciparum, AMA-1 has shown promise as a vaccine 290 candidate for E. tenella, with a potent inhibitory effect on parasite invasion (Jiang et 291 al., 2012) . More recently, genotyping E. tenella field isolates collected from Africa and 292
India suggested that polymorphisms in the EtAMA-1 locus are lower than expected in 293 field populations with largely neutral signatures of selection. The functionality of 294 AMA-1 may outweigh the potential benefit to the parasite of immune evasion, which 295 may be of limited value in the self-limiting eimerian life cycle (Blake et al., 2015a) . 296
Similarly, just four nucleotide polymorphisms exist between EmAMA-1 coding 297 sequences from the E. maxima Houghton and Weybridge laboratory strains, two 298 causing non-synonymous changes, one situated in the putative pro-domain and one 299 located in domain 1 (Blake et al., 2012 , Reid et al., 2014 . Nonetheless, despite such 300 limited diversity within the coding region of at least one vaccine candidate, strain 301 specific immune escape has been reported in vivo for E. acervulina (Joyner, 1969 , Wu 302 et al., 2014 , E. mitis (McDonald et al., 1985) , E. maxima (Smith et al., 2002) and E. 303 tenella (Abu-Akkada and Awad, 2012, Awad et al., 2013 , Fitz-Coy, 1992 . Comparison 304 of E. tenella isolates collected from chickens reared in British and Indian poultry 305 houses revealed incomplete immune protection between isolates, most notably 306 following low-level primary exposure (Blake et al., 2015b) . Despite these reports, 307
there is no evidence that vaccine resistance has evolved in response to whole live 308 parasite vaccination Tomley, 2014, Shirley et al., 2005) . One possible 309 explanation for this is that throughout its lifecycle each Eimeria species expresses 310 between 6 000 and 9 000 proteins (Reid et al., 2014) 
Future directions 338
A clear direction for future work is to expand our understanding of population 339 structure to other Eimeria species in the field as has been reported recently for E. 340 tenella (Blake et al., 2015a) . Elucidating the population structure and potential for 341 mixing is key in the development of novel control strategies for Eimeria. 342
Understanding the possible biological, environmental, industrial and social drivers 343 which underpin the observed diversity may be even more important, demanding 344 
RNASeq has already been used successfully to define transcriptomes from several 363
Eimeria life cycle stages (Reid et al., 2014 , Walker et al., 2015 . Indeed in the near 364 future Isoform sequencing (IsoSeq), which at present generates transcripts >3Kb 365 (Tilgner et al., 2014), could be utilized to sequence the entire transcriptome of a single 366 parasite in full length fragments. Genome editing techniques such as the CRISPR/Cas 367 system have huge potential and could be used, for example, to switch allelic type for 368 a small number of target antigen coding genes. The CRISPR/Cas system has been used 369 successfully in P. falciparum (Ghorbal et al., 2014 , Wagner et al., 2014 and T. gondii 370 (Shen et al., 2014 , Sidik et al., 2014 , but is not yet available for Eimeria. These tools 371
should improve the molecular definition of diversity, expand our understanding of 372 parasite evolution and host evasion, and highlight regions of the genome that show 373 promise in the development of novel sub-unit vaccines. 374
375

Concluding Remarks 376
There are several key challenges posed by population, genetic and antigenic 377 diversity of Eimeria parasites to the development of novel vaccines (see Outstanding 378
Questions). How genetic, particularly antigenic, diversity influences pathogenicity, 379 vaccine specificity and epidemiology, and the implications of this for effective 380 intervention and control, are important questions that need to be answered for all 381 apicomplexan parasites. Recent studies have revealed a polarized global occurrence 382 for genetically divergent Eimeria strains, and possibly even new species, that may be 383 capable of replicating within chickens vaccinated using current generation vaccines. 384
These parasites pose a significant risk to vaccine efficacy, and thus food security and 385 animal welfare, in production systems which rely on anticoccidial vaccination. 386
Considering social and environmental variables in novel control strategies is of great 387 importance, with factors including choice of production system, geographic 388 separation of farms and climatic conditions likely to influence parasite population 389 dynamics. The recent expansion in genetic and genomic resources available for 390
Eimeria has dramatically improved our ability to genotype parasites recovered from 391 field populations and begin to assess how many of these variables will affect genetic 392 diversity, and whether that diversity will impact on vaccine efficacy and longevity. Abu-Akkada, S. and Awad, A. (2012) 
